Two different fibre coatings, for solid phase microextraction (SPME) sampling, poly(dimethylsiloxane) (PDMS) and poly(acrylate) (PA), were studied in order to test, for olive oil matrixes, two mathematical models that relate the directly proportional relationship between the amount of analyte absorbed by a SPME fibre and its initial concentration in the sample matrices. Although the PA fibre was able to absorb higher amounts of compounds from the olive oil sample, the equilibrium was reached later then with the PDMS fibre. In both cases, the amount of analyte present affected the time profile or the equilibrium time in two of the concentrations studied, 0.256 L/kg, 2.56 L/kg and for 2-ethylfuran, pentan-3-one, pent-1-en-3-one, hexanal, trans,trans-non-2,4-dienal and in the four concentrations studied, 0.256 L/kg, 2.56 L/kg, 6.25 L/kg and 400 L/kg, for 4-methyl-pent-3-en-2-one, 2-methylbutan-1-ol, methoxybenzene, hexan-1-ol, cis-hex-3-en-1-ol, trans-hex-2-en-1-ol, 2-ethyl-hexan-1-ol and trans,transdec-2,4-dienal. Comparing the mathematical models of both fibres, the PA-coated fibre showed direct proportionality between the initial concentration and amount extracted, that allows the possibility of relative quantification in a non-equilibrium state in non-aqueous media. The same was not observed for the PDMS fibre.
Introduction
In the overall quality of olive oil, the aroma plays an important role in directing consumer preference. Some components present in low concentration, contribute to the pleasant aroma note in olive oils, but when they are present in higher concentrations their contribution seems to be negative [1] . So it is important to determine, at least, the relative amounts of the aroma components of olive oil.
Compared to several techniques of sample preparation for gas chromatographic (GC) analysis of aroma compounds, headspace solid phase microextraction (HS-SPME) shows some advantages such as solvent-free extraction, low sample volumes and low cost. SPME is an equilibrium method, which does not require exhaustive extraction of a volume of sample [2] .
It is known that olive oil is a complex matrix, with a high content of natural volatile compounds that have differences, among other physicochemical properties, in volatility and polarity. These different compounds are expected to present different equilibrium times. As HS-SPME is a multiphase equilibrium process [3] , the maximum sensibility is obtained by allowing the analyte(s) to reach equilibrium. It is not practical to do so when equilibration times are excessively long. Ai [4] presented a mathematical model (Eq. (1)) to demonstrate that SPME quantification, in aqueous solution, using fibres coated with a polymeric liquid, is feasible before absorption equilibrium is reached, if the amount of analyte absorbed (n) is proportional to the initial concentration in the sample matrix (C 0 ):
n∞ represents the amount extracted at equilibrium and the parameter a h is a measure of how fast partition equilibrium can be reached in the HS-SPME process. The parameter a h is controlled by mass transfer coefficients, equilibrium constants and the physical dimensions of the sample matrix, headspace and the polymeric film. It has different magnitudes depending on the ratedetermining step of the mass transfer process: matrix/headspace and headspace/polymer, diffusion in the polymeric film and evaporation from the matrix phase as described by Ai [4, 5] . However, in Eq. (1) the initial period of extraction is neglected. In fact, during the sampling process, when the equilibrium between sample and headspace is reached, it is disturbed by the introduction of the fibre needle into the headspace. This disturbance is not considered in the model described by Eq. (1). Moreover, in complex Compound Concentration in olive oil (g/kg) Odour quality [6] matrices, such as olive oil, this disturbance is even more important, since more equilibria are now being influenced by fibre needle introduction. Ai [5] proposed a biexponential equation (Eq. (2)) that accounts for this fact:
Hybrid parameters˛, c,ˇand c 1 are defined as
where A f is the surface area of the SPME polymer film; m f is the mass transfer coefficient of the analyte in polymer film phase; k is the evaporation rate constant; V h and V f are the volumes of the headspace and the coating, respectively; K fh is the polymer/headspace distribution constant; K hs is the headspace/matrix distribution constant. Since˛andˇ(in mol, accounting for the variation of the quantity of a particular compound present in the headspace when the equilibrium is disturbed) are directly proportional to C 0 then n is directly proportional to C 0 . This fact implies that quantitative determination can be performed in a nonequilibrium state.
Since both mathematical models (Eqs. (1) and (2)) describe an absorption process, poly(dimethylsiloxane) (PDMS) and poly(acrylate) (PA) fibres were chosen for the present study. The methyl groups of PDMS make this film relatively apolar, whereas PA is a more polar fibre due to the presence of carbonyl groups.
This work aims the application of the mathematical models to a non-aqueous matrix, in this case an oily matrix, such as olive oil. This type of matrices are a better solvent for the majority of the volatile components of olive oil. It is intended to demonstrate that an important and complex matrix such as olive oil can also be studied considering the estimation parameters calculated according to one or to both mathematical models studied. A SPME sampling method was developed procedure for reproducible qualitative and relative quantitative determination of aroma compounds using non-equilibrium extraction conditions. We intended to determine not only which model describes better the experimental data obtained with each of the fibres studied, but also which fibre is more efficient for non-equilibrium state extraction in a non-aqueous medium.
Experimental

Standards
The standard compounds, 2-ethylfuran, pentan-3-one, 4-methyl-pent-3-en-2-one, pent-1-en-3-one, 2-methylbutan-1-ol, hexanal, methoxybenzene, hexan-1-ol, cis-hex-3-en-1-ol, transhex-2-en-1-ol, 2-ethyl-hexan-1-ol, trans,trans-non-2,4-dienal and trans,trans-dec-2,4-dienal were purchased from Aldrich (Deisenhofen, Germany). The internal standard (IS) used was nonan-2-ol also from Aldrich (Deisenhofen, Germany).
Sample preparation and analysis
Standard compounds were dissolved directly in refined olive oil. Four concentrations, 0.256 L/kg, 2.56 L/kg, 6.25 L/kg and 400 L/kg were used. Fifteen grams of olive oil with the dissolved standards were placed in a 22 mL vial and kept in a water-thermostatized bath at 37 • C for 30 min before the HS-SPME extraction. The septum covering the vial was pierced with a SPME needle and the fibre was exposed to the olive oil headspace for 1 min, 5 min, 15 min, 30 min, 60 min, 90 min and 120 min. During sampling, the oil phase was stirred with a magnetic stirrer at a constant and defined stirring rate. After sampling, the fibre was inserted manually into the GC injection port for 5 min and desorbed at 260 • C.
SPME fibres and conditioning
SPME device and fused silica fibres were purchased from Supelco Inc. (Bellefonte, Pennsylvania, USA). Poly(acrylate) (PA) and poly(dimethylsiloxane) (PDMS) SPME fibres with coating thicknesses of 85 m and 100 m, respectively were used. Prior to use, the fibres were conditioned according to manufacturer instructions. • C for the PA and the PDMS fibres.
Equipment
GC analyses were performed using a GC-Trace Thermo Quest Instruments. For GC analyses, a fused silica DB-Wax column (J&W Scientific, Folsom, USA), 60 m × 0.25 mm i.d. and 1.0 m film thickness was used. The oven temperature program was as follow: 50 • C (5 min), 2 • C min −1 to 210 • C (10 min). Hydrogen was used as the carrier gas at 100 kPa; the injector temperature and the split flow were set at 260 • C and 30 mL min −1 , respectively, after a splitless time of 1 min.
Data processing
The relative area data of each compound were obtained from the collected chromatograms. The adjustment of the extraction data (for the HS-SPME studies) to the theoretical models described above as Eqs. (1) and (2), was performed through an estimation method by non-linear regression method.
Data were analysed using STATISTICA 6.0 software (StatSoft Inc., Version 6.0, Tulsa, USA). Non-linear estimation user-specified regression was used. The estimation method was the quasi-Newton with a maximum number of iterations of 100. The convergence criterion was set to 0.0001 and the loss function was equal to (observed data − predicted values) 2 .
Results and discussion
The volatile compounds chosen for method evaluation were studied with two different SPME fibre coatings and with four different initial concentrations that are comparable to the con- [6] determined their choice. All of these compounds were previously detected in olive oil [7] [8] [9] [10] . Table 1 presents the compounds used in this study and it also indicates the concentrations which have been previously measured in olive oil samples and the respective odour perceptions [6] . The analytes chosen intend to represent the broad chemical functionalities of the compounds present in olive oils. An internal standard was used in order to control the retention time.
Prior to the analyses, a temperature study was performed for a time periods from 1 min to 120 min in order to establish the optimal work temperature of the extraction procedure [11] . Three temperatures were studied: 25 • C, 37 • C and 40 • C. At 37 • C and 40 • C the largest amount of compounds was extracted with both fibres (results not shown) [11] . Another concern was to choose a temperature as close as possible that at which the human olfative systems perceives volatile emissions on one hand, and on the other hand to avoid compound degradation that might produce unwanted artefacts. For these reasons 37 • C was chosen as the sampling temperature.
The standard compounds were extracted at six or seven different periods of time and the results of each area vs. extraction time were determined. As an example, the absorption curves for 2-methylbutan-1-ol for the concentrations 0.256 L/kg, 2.56 L/kg, 6.25 L/kg and 400 L/kg are shown in Fig. 1 . A sigmoidal-shape curve can be observed which does not depend on the initial concentration, the nature of the coating fibres or the mathematical model applied. The adjusted curves according to Eqs. (1) and (2) of the model of Ai [4] are shown in the graphs of Fig. 1 , for 2-methylbutan-1-ol for both fibres at the concentrations studied. Here the points are raw experimental data and the lines represent the result of the application of the two equations to the experimental data.
The parameters a h from Eq. (1) and˛, c,ˇ, and c 1 from Eq. (2) for all the compounds studied, in PDMS and PA coating fibres, are obtained through exponential regression. Tables 2 and 3 show the values for the a h parameter, correlation coefficient, explained variance and the loss function for the curves fitted with Eq. (1). The parameters of Eq. (2),˛, c,ˇ, and c 1 are listed in Tables 4 and 5 , as well as the correlation coefficients, explained variance and the loss function for all fitted curves.
For the selected compounds, the experimental data appears to fit poorly, as expected, to the theoretical model given by Eq. (1).
All the curves could however be satisfactorily described by Eq. (2) and confirm the relevance of the initial period of extraction for the absorption of the olive oil volatiles mainly in PA fibre. Similar results were reported previously by Matich et al. [12] who observed that a two-exponential equation, rather a one-exponential equation, described the experimental data for apple volatiles extracted by SPME.
The values for the a h parameter for the four different initial concentrations studied are slightly dependent on the initial concentration, as expected [13] , especially for the PA fibre.
In Fig. 1 it can be easily perceived how fast the partition equilibrium (between the headspace/polymer interfaces) can be reached, for a given compound. In this figure, the ordinate represents the fibre uptake normalized to the equilibrium value. Compared to olive oil headspace/PA interface partition, the parameter a h at the olive oil headspace/PDMS interface is higher, which means that in the PDMS fibre the partition equilibrium is reached sooner. This is in agreement with the fact that on the PA fibre diffusion coefficients are lower in comparison with the PDMS fibre [14] . Longer extraction times with the PA coating fibre for volatile analytes in the headspace is an expected result. The selection of the fibre that offers the best reproducible results for quantitative purposes, should depend not only on the amount extracted, but also on some other physical/chemical properties such as mass transfer coefficients, equilibrium constants, among others, in order to achieve a linear range behaviour in a non-equilibrium state [4, 15] . This work demonstrates that PDMS fibres present for all the compounds studied, lower equilibration times when compared to PA fibres, although PA fibres present a better absorption capacity for compounds with a wide range of functionalities. The initial concentration is crucial for the time profile and the achievement of equilibrium in both fibres. Generally the a h parameter is higher when the initial concentration is higher, indicating that equilibrium is reached quicker in that situation for both fibres. Since Eq.
(1) does not fit as well to the experimental data when compared to Eq. (2), one cannot have any information about the proportionality between the initial concentration and amount extracted. So the biexponential equation (2) was applied to the data. We found that absorption of olive oil volatiles onto PDMS and PA SPME fibres follow, in a good approximation, the general kinetic equation (2) , especially in the case of the PA fibre. In the PDMS fibre the experimental data does not fit well to Eq. (2), suggesting that linearity between initial concentration and extracted amount is not achieved. Thus relative quantification is not possible with the PDMS fibre in a non-equilibrium state. With the PA fibre, a good fit was achieved with Eq. (2), which indicates that there is a linear relationship between the amount of analyte extracted (n), from olive oil headspace, and its initial concentration in the sample matrix (C 0 ) as a function of sampling time (t). This equation considers the equilibrium disturbance due to fibre introduction into the headspace of the sample, the equilibrium reposition and the variation of the compound concentrations in the sample headspace, which occurs between the disturbance and reposition time periods. For compounds that present c values equal to c 1 values (presenting both adjustment parameters in Eq. (2), which measure how fast the equilibrium is reached in HS-SPME) (c − c 1 ) = 0, meaning that the equilibrium is not disturbed, or the equilibrium reposition takes place immediately. For these compounds it is also verified that forą ndˇ, which measure the variation of the concentration of a particular compound presented in the headspace, due to the equilibrium disturbance, |˛| = |ˇ|. Hence the a h = 0 and the parameter c in Eq. (2) is equal to a h in Eq. (1).
The PA fibre allows, for the compounds studied, a successful relative quantification at a non-equilibrium state in non-aqueous media. Consequently, in non-aqueous media studies must be conducted to determine which compounds have similar behaviour and only those compounds can be quantified in a non-equilibrium situation with the PA fibre. For all the others, and for quantitative purposes, equilibrium should be reached.
Conclusion
The HS-SPME sample preparation technique coupled with GC analysis is well suited for qualitative and relative quantitative analysis of aroma compounds in olive oil. The amount (n) of analyte extracted, from olive oil headspace, might have a linear proportional relation with its initial concentration in the sample matrix (C 0 ) as a function of sampling time (t), which can be an advantage in the case of routine use. When a given compound in a given sample matrix exhibits this property, quantification can be achieved at nonequilibrium state, which reduces analysis time considerably. In all the other situations equilibrium should be reached for quantitative purposes.
Although it was observed that apolar PDMS-coated fibre is capable of extracting faster the olive oil aroma compounds for routine purposes in comparison with the PA fibre, since equilibrium is reached more quickly, the experimental data obtained with the PDMS fibre did not adjust to both mathematical models used. This indicates that linear proportionality between the initial concentration and amount extracted was not achieved, which does not allow relative quantification in non-equilibrium situations. On the other hand the PA fibre was found to be the adequate fibre to perform relative quantification of aroma compounds in a non-equilibrium state in a non-aqueous sample like olive oil.
